The Cornell Electron-Positron Storage Ring (CESR) has a longitudinal dipole-coupled-bunch instability that limits the total amount of current that can be stored in the ring without feedback. As a result, it is one of the major limitations for higher stored current and luminosity. This paper reports the measurements of multiple bunch longitudinal dynamics done on CESR with a streak camera. The camera was used to measure the dependence of the bunch distribution on current and accelerating RF voltage, for multiple bunches stored in CESR, as well as the effects of the longitudinal instability on the bunch distribution. Measurements of the beam's longitudinal bunch distribution with multiple bunches present in the ring, help give an understanding of the instability, how it affects the bunch distribution, and possibly give insight into a cure of the instability.
Multiple Bunch Operations at CESR
Multiple bunches refers to more than one bunch of electrons or positrons being present in CESR at one time. Multiple bunches in CESR are necessary to achieve high luminosity. Under present high energy physics colliding beam conditions, there are up to nine nearly evenly spaced trains of bunches, with up to five bunches in each train, for a maximum of 45 electron and 45 positron bunches. The bunches are separated at crossing points, other than the interaction point, by vertical and horizontal electrostatic separators. The horizontal separators are used to make a "pretzeled" orbit to insure separation between bunch crossings at locations other than the interaction point. The CESR accelerator complex is depicted in Fig. 1 .
In CESR, positrons and electrons typically collide at the center of mass energies between 9.4-11.2 GeV. The energy of each beam can be between the energy of 4.7-5.6 GeV but normally CESR is either at 5.289 GeV or 5.269 GeV. The multiple bunch measurements were performed at both energies; one of the consequences of the energies being close together is that the difference in bunch length for these two different energies is negligible. In CESR there are two wiggler magnets, located near the interaction region, which produce synchrotron radiation for the Cornell High Energy Synchrotron Source (CHESS). Opening and closing the wiggler magnets affect the longitudinal phase space of the beam as will be discussed later. There were four normal conducting RF accelerating sections present in CESR when the measurements were performed. Since the measurements have been performed, they have been replaced with superconducting RF sections. * Work supported by the National Science Foundation. For a single bunch in CESR the motion is described by internal electromagnetic fields from the bunch and the external electromagnetic fields from the magnets and the RF system. When the bunch intensity is low, magnets and RF cavity fields determine particle motion. At higher currents beam generated fields do not significantly modify the dynamics so single bunch behavior is stable in CESR [1] . This is not the case for multiple bunches in CESR.
With multiple bunches a dipole-coupled-bunch longitudinal instability is driven by the interaction of the multiple bunches with their vacuum chamber environment. During colliding beams there are many high intensity particle bunches. These high intensity bunches contain a relatively large charge and act as a source of electromagnetic fields, called wakefields, which act back on the beam. As a result the wakefields can cause a change in the synchrotron oscillation frequency, a change in the bunch distribution, or instability. These collective effects can cause collective motion of the many particles in the beam. A detailed description of collective effects is outside of the scope of this paper, a number of papers which cover collective effects are available [2, 3] .
An alternative description beams' longitudinal phase space can be determined from the beamgenerated spectra and compared to the streak camera measurements.
Theory
We begin with the longitudinal phase space density, ρ τ,φ ( ), which can be written in action-angle coordinates in terms of the synchrotron oscillation amplitude τ and phase φ . The longitudinal phase space density can depend on τ , but for particles to be independent, it can not depend on φ . The longitudinal spectrum of a beam has a beam generated signal given by [4] I ω ( ) = ( ) (1) where ω r is the revolution frequency, ω s is the synchrotron frequency, ρ τ,φ ( ) is the phase space density, and J k is an ordinary Bessel function of order k. In general, the longitudinal bunch density at time t can be written as a Fourier expansion in φ ρ τ,φ
where τ is the amplitude and φ is the phase, and the phase space rotates at frequency ω s .
At low current, the bunch motion is determined by electromagnetic fields of the accelerator and the beams' generated fields are negligible. As the current increases, the phase space structure is a result of the beams interaction with its own field. The beam-induced field depends on the amount of charge in the bunch and the bunch distribution. It can be concluded from equation 1 that azimuthal structure in longitudinal phase space is present when synchrotron sidebands are observed [4] . These synchrotron sidebands imply azimuthal phase space. Following are examples of beam related signals which relate to the observation of the dipole-coupled-bunch longitudinal instability in CESR.
a) No Perturbation (m=0):
Suppose the beam is not perturbed (m=0) and the phase space density is Gaussian in τ with an rms bunch length σ τ and uniform in phase φ . The phase space is then given
which is substituted into equation 1 to give the current spectrum of
The spectrum observed for the m=0 case is a series of lines located at ω = nω r , with a Gaussian envelope with a rms width of 1 σ τ . It should be noted that signals at the synchrotron sideband are not present in this state when the beam has not been excited.
b) Dipole Perturbation (m= ± 1):
Now if the beam has a dipole perturbation, the phase space density is given by
and the resulting beam spectrum is
The spectrum consists of two parts. The first part is identical to the unperturbed beam, and the second part is the signal from the dipole perturbation. The dipole signal gives sidebands at ±ω s . The phase space of the dipole perturbation is plotted in fig. 3 (a) and (b). Signals at the first synchrotron sideband have been detected at CESR with a spectrum analyzer and the results of the measurement will be presented later in this paper. Suppose the beam has a dipole and quadrupole perturbation, the phase space density is given by
The spectrum consists of the unperturbed part, the dipole perturbation at sidebands at ±ω s , and the quadrupole perturbations at sidebands of ±2ω s . The phase space, envelope of the dipole, and quadrupole perturbation, is plotted in fig. 4 (a) and (b). The second synchrotron sideband has been detected also with a spectrum analyzer at CESR, but it is only present when the first synchrotron sideband is present, so it is not a pure quadrupole mode but a quadrupole mode that has been induced by a dipole mode. ).
Higher order terms (above the quadrupole mode) have been observed at CESR but they have been either induced or driven from the dipole mode so they are not the primary mode of interest.
Streak Camera Data Analysis
Measurements of the CESR longitudinal bunch distribution were made with a 500-femtosecond resolution Hamamatsu streak camera. A detailed description of the camera, experimental set-up, and data analysis techniques are described in detail elsewhere [1] . A brief discussion will be provided here.
To determine the bunch length, the longitudinal profiles of the beam distribution are fit to an asymmetric Gaussian function with a constant background given by
where I 0 is the background pedestal, and I 1 is the peak of the asymmetric Gaussian. The term sgn(z − z )A is the asymmetry factor that parameterized the shape of the asymmetric Gaussian. The longitudinal profiles of the beam distribution are χ 2 minimized using the minimization package Minuit [4] . A χ 2 minimization was performed on each streak camera picture
where x i is the digitized signal from the ith pixel ( i=1 to 512) of the streak camera profile and z i is determined from the fit to the asymmetric Gaussian function. The fit will return the mean z , asymmetry factor A, background level I 0 , peak of the asymmetric Gaussian I 1 , and width σ of the distribution. Figure 6 is an example of a streak camera profile fit to the asymmetric Gaussian distribution. The pertinent information retrieved from the asymmetric Gaussian distribution is the rms width σ z = rms width = z − z ( )
the mean of the distribution
and the asymmetry factor A. These quantities are the quoted results from the measurements.
Many experiments were performed on CESR under different machine parameters. During each experiment, a set of data, which consists of at least ten streak camera pictures, was taken under the same accelerator conditions. The mean rms width, σ z , and asymmetry factor, A, from each experiment are used to examine the pulse to pulse fluctuations in the beam distribution. Each streak camera distribution is fit to the mean rms width and asymmetry factor where the area and mean position of the asymmetric Gaussian distribution vary. The difference, or residual, between the fit and the data will show variations between an average distribution and individual pictures. The residual, R ji is the ith pixel from the experiment with j streak camera profiles. The residual is determined from the expression Figure 7 is an example of a distribution, fit to the mean distribution, and the residual was computed from the fit to the data.
The residuals from each experiment can also be summed to give the mean residual. The mean residual from an experimental data set is determined by summing all the individual residuals in the data set. Because each profile has a different mean position, the residual from each profile is shifted so the mean of the asymmetric Gaussian is at the origin. The residual pixel intensity from each profile is then summed and averaged in two psec bins to remove the granularity of the calibration Several observations can be made from the results:
CESR Multiple Bunch Longitudinal Dynamics Measurements
1) Between the current of 1 to 13 mA per bunch, the electron bunch length increases by approximately 6.0%. This steady increase is not accompanied by an increase in the asymmetric Gaussian asymmetry factor. Unlike the single bunch case, the asymmetry factor does not change as a function of current in the multiple bunch case [1] .
2) For a single bunch, the bunch length at low current is expected to be σ z = 17 3 . mm as calculated for the parameters of CESR. It has been measured at low current to be σ z = ± 17 9 0 35 . . mm which is consistent with the multiple bunch measurement at low current of σ z = ± 18 1 0 38 . . mm [1] .
3) The lack of light intensity for the streak camera was a problem at low current. It was necessary to open up the streak camera slit aperture to 300µm to allow enough light for the measurement. The 300µm aperture resolution correction was made on these measurements. Above the distribution, the residual from the fit to the data is plotted. It is evident that there is no greater than a 4% difference between the mean and actual distribution. The longitudinal instability will be discussed later. phase. In the low current case, the fit gives m = −0.47 ± 0.03, in the high current case, the fit give m = −0.39 ± 0.03. From single bunch measurements low current behavior of the bunch length is not precisely inversely proportional to the square root of the RF accelerating voltage and at high current, the bunch length dependence on RF voltage deviates from the low current case slightly due to collective effects [1] . Similar behavior is observed in multiple bunch measurements.
2) As expected, the bunch length is shortened as the RF acceleration voltage increases. At the highest RF voltage of 6.6 MV, the difference in bunch length for the low and high current cases is approximately 3%.
3) The dipole-coupled-bunch longitudinal instability was not observed in the bunch distributions or the beam spectra during these measurements.
(III) Bunch Distributions during High Energy Physics Collisions
The bunch distribution was measured for both electrons and positrons as a function of current Several observations can be made from the measurements:
1) The bunch length, for both the electrons and positrons, increases as a function of current. At the time of these measurements, the total peak current collided during high-energy physics was 170 mA per beam. Each fill of CESR would last 70 minutes, or until the single beam current was 120 mA, then CESR was refilled.
2) For both electron and positrons the magnitude of the asymmetry factor increases as a function of current. The asymmetry behavior for a single bunch is also observed with multiple bunches.
3) The measurements of electron and positron bunch lengths' were made on different fills, so it is hard to make any direct comparisons. From the linear fit to the data, it is evident that the bunch length at the beginning, and end of the fill is virtually the same for both beams. Overall, the electrons and positrons exhibit the same behavior in CESR. The frequency and amplitude of the beam spectra measured by the spectrum analyzer while the beam was modulated at 369.9 kHz is listed in TABLE IV. The electron bunch length and asymmetry factor when RF phase was modulated at a frequency of 369.9 kHz. The error bars for the data is the root mean error of the measurement. The bunch length with no drive and asymmetry value is used in fitting the data to determine the pulse to pulse residual and mean residual from the fit to the data.
Several comments about the induced dipole mode bunch distributions:
1) An oscillation in the arrival time of the bunch distribution is expected with the dipole mode present. The time oscillation has been measured by an oscilloscope to be a few picoseconds in size.
A few picosecond time oscillation is in the noise of the streak camera trigger and cannot be measured with the present trigger system. 2) By increasing the modulation voltage amplitude, the signal at f f r s ± 2 , or the quadrupole mode (m= ± 2) is induced. With the quadrupole mode present the changes in the bunch distribution are large and measurable with the streak camera. The longitudinal shape of the bunch with the quadrupole mode present can be compared to the theoretical phase space density plotted in fig. 4 .
3) The mean residual for the two different voltage amplitudes is plotted in fig. 14. There is little evidence of the quadrupole mode structure in the -20 dBm case, and in the +10 dBm case, the quadrupole mode is clearly visible. FIG. 14. The mean residual when the phase of the RF voltage was modulated at a voltage amplitude of (a) -20 dBm and (b) +10 dBm and frequency of 369.9 kHz. The head of the bunch is to the left of the center (zero on the plot) and the tail of the bunch is to the right of the center.
4)
An effort was made to correlate the signal generator sinewave phase with the streak camera. By locking the streak camera trigger with the signal generator, the phase of the signal generator could be changed, and the phase of the instability would follow the change in the phase. This would enable the streak camera to measure the phase of the induced bunch distribution changes. Figure 15 displays the bunch length as a function of streak camera picture when the streak camera trigger was supposedly phase locked with the signal generator pulse. This effort was unsuccessful, and is evident from the bunch length, due to the lack of correlation between the steak camera and the signal generator. +5 dBm, and (e) +10 dBm. The distributions were fit to the mean stable distributions and the residual from the fit is plotted in fig. 16 . Several comments can be made about the results:
1) When driving the quadrupole mode, the dipole mode is always present (table V) . The dipole mode amplitude is not as large as the quadrupole mode amplitude, but it is always present.
2) From the mean residuals in fig. 17 3) The bunch length, bunch width, and asymmetry factor for the three different voltage amplitudes is listed in table VI. Bunch lengthening is observed with an increase in signal generator voltages. The bunch width better describes the bunch length when the quadrupole or higher order mode is present.
The bunch width is determined by calculating
where N is the number of CCD pixels within ±3σ of the mean z , z i is the location of the pixel, and Figure 18 (a) is a typical single data acquisition when the signal generator was set to +10 dBm and the modulated longitudinal bunch distribution was fit to a stable distribution. The residual from the fit is plotted in fig. 18 (b) . The bunch length and asymmetry factor for these measurements are σ z = 18.56 ± 0.08 mm and Asy = −0.07 ± 0.01.
There was no evidence for the quadrupole mode being present when the sextupole mode was driven. The bunch distribution exhibits a small change and the deviation from a stable distribution is less visible in the residual than in the quadrupole case. The head of the longitudinal distribution changes shape slightly and this is observed in a single data acquisition. A bump is visible in the residual ( fig. 18 (b) ) and in the mean residual ( fig. 18 (c) ). The deviation from the stable distribution is stronger in the head of the mean residual than in the tail of the residual. Figure 19 is a typical single data acquisition of the modulated longitudinal bunch distribution. The bunch length and asymmetry factor for these measurements are σ z = 18.35 ± 0.07 mm and Asy = −0.08 ± 0.01. It is interesting to note that with a 10 dBm signal, the same strength that produced major changes in the bunch distribution at 349.9 kHz (quadrupole mode), little evidence of change in the bunch distribution is noticed at 329.9 kHz (sextupole mode) and 309.8 kHz (octupole mode). Measurements of the bunch distribution at several different bunch spacings were made with the dipole-coupled-bunch longitudinal instability present. The longitudinal feedback system, which at the time of the measurements, consisted of a horizontal kicker magnet that damps the dipole longitudinal oscillations using local dispersion, was not fully operational during these measurements [7] . At the time of the measurements, normal high-energy physics configuration was nine trains and 42 ns spacing. This bunch spacing mode was chosen for its high current threshold ( fig. 20 (a) ). The current threshold at this bunch spacing was not obtainable during the streak camera measurements due to heating of the vacuum chamber. Other bunch spacing configurations were chosen to observe the dipole-coupled-bunch longitudinal instability.
b) Nine trains with two bunches separated by 14 ns.
The longitudinal coupled bunch instability has a low current threshold in CESR with nine trains of two bunches with 14 ns spacing. With this bunch spacing the single beam instability current threshold was approximately 110 mA. For these measurements the RF accelerating voltage was 6.31 ± 0.01 MV and the wiggler magnets were closed. Just above the instability threshold, measurements of the electron bunch distribution were taken with the streak camera with the feedback on (no instability present), and with the longitudinal feedback off (instability present). Figures 22 (a) is a typical single data acquisition of the longitudinal bunch distribution taken with the streak camera with the feedback off and the dipole-coupled-bunch instability present. The instability was noted by the appearance of a signal at f f r s − (369.9 kHz) in the beam spectra. The distribution was fit to the mean stable distribution and the residual is plotted above the distribution. Figure 22 (b) is a typical single data acquisition of the longitudinal bunch distribution with the feedback on and declared stable in the beam spectra. The stable bunch distribution was also fit to the mean stable bunch distribution to exhibit the pulse-to-pulse fluctuations of the distribution and streak camera. The mean bunch length and asymmetry factor from the fit to the data is listed in The features of the longitudinal instability from the measurement are the following: 1) As in the case when the dipole oscillator is excited by the RF system the dipole mode is not detectable by the streak camera when the instability was present just above the instability threshold.
The bunch length and asymmetry factor is in good agreement with each other with and without the instability present.
2) No structure is detected in the single data acquisition residuals or the mean residuals. Figure 23 is the mean residual with and without the instability present. There appears to be more structure in the residual when the instability was not present. Exploring the instability behavior further, the current was increased to approximately 210 mA.
Increasing the current caused several interesting features to appear:
1) The longitudinal feedback system was not able to damp the beam above 130 mA of total current. The f f r s ± signal appeared in the beam spectra regardless of the longitudinal feedback.
2) Figure 24 (c) is the bunch length as a function total current between 170 and 210 mA. The bunch length increases dramatically with current, and it oscillates in size. This is a signature of the quadrupole-coupled-bunch instability or a dipole oscillator driven to large amplitude.
3) As the current increases, the f f 5) The strength of the instability is evident in the mean residual. The mean residual is plotted in fig.   25 for three different currents in CESR. The amplitude of the mean residual exhibits the strength of the quadrupole-coupled-bunch instability and it lessens as the current decreases. The current was increased and several interesting features appeared:
1) Identical to the two bunches per train case, the longitudinal feedback system was not able to damp the beam above 130 mA of total current. The instability was too strong, the f f r s ± signal would appear in the beam spectra independent of the feedback system.
2) There is a steady increase in the bunch length as a function of current. As the current increases, the f f r s ± and f f r s ± 2 signals appear and grow in strength in the beam spectra as a function of current.
In fig. 28 (c) the dipole ( f f r s ± ) and quadrupole ( f f r s ± 2 ) signal amplitudes are plotted, as well as the bunch length.
3) As the current is increased even higher ( fig. 28 (d) ), the bunch distribution oscillates with a similar violate behavior as seen in the two bunch per train case. Figure 28 (a) is a typical single data acquisition of the bunch distribution at 170 mA of total current in CESR. The bunch distribution is fit to the stable bunch distribution and the residual is plotted above the distribution. The residual in fig. 28 (a) does not exhibit the quadrupole mode. At higher current the quadrupole mode is evident, as in Fig. 28 (b) , and it looks similar in structure to the theoretical distribution in fig. 4 (b) . 
Conclusions
The measurements of CESR provide information about the behavior of the bunch during multiple bunch operations, when the dipole-coupled-bunch longitudinal instability was present in CESR. The general conclusions from the measurements are that in terms of longitudinal dynamics there is no difference between the positrons and electrons in CESR. The coupled-bunch longitudinal instability is a dipole mode instability, which may be damped by a strong feedback system thereby increasing the current threshold [7] . The presence of the longitudinal instability is detected in the beam spectra.
It was also detected with the streak camera but only when the quadrupole mode was present.
These studies of the longitudinal dynamics in CESR helped quantify some effects, such as: 1) the bunch length and asymmetry of the bunch increases as a function of current while colliding beams.
2)
The bunch length increases as a function of current with multiple bunches in CESR. coupled bunch longitudinal instability is a dipole instability, but when the current is increased, it excites the quadrupole oscillation at which time the bunch distribution changes drastically.
Nonlinearites in the potential well and the large amplitude motion in the dipole mode give rise to the quadrupole mode. With the present feedback system the coupled bunch instability is eliminated at currents above threshold for the quadrupole oscillation being present.
The streak camera has been invaluable as a diagnostic device for the measurement of the longitudinal parameters for CESR. There is no other tool at CESR has the capability to measure the bunch distribution to the same accuracy.
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